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INTRODUCTION
The synthesis of nanoparticles with controlled size and composition is of fundamental scientific and technological interest. Nanosized particles exhibit different, often enhanced, magnetic, electronic, optical, and reactive properties compared to the corresponding bulk materials making them desirable for applications in catalysis, electronics, and biomedicine [1, 2, 3, 4, 5, 6] . In many applications, transition metals provide a distinct advantage over precious metals due to their lower cost and availability. Interest in iron-containing nanoparticles originates primarily from the metal's magnetic and electronic properties, its availability and low cost, and its high reactivity in reducing atmospheres [1, 3] . Notable applications of iron nanoparticles are in the field of catalysis for the Fischer-Tropsch reaction, the synthesis of ammonia, the reduction of oxygen in fuel cells, and CO oxidation [3, 7, 8, 9] .
Almost all alloying additions decrease the saturation magnetization of iron except for cobalt and manganese [10, 11, 12] . FeCo bimetallic alloys exhibit high saturation magnetization, which is due to the increased polarization of Fe atoms in the presence of Co [13, 14] , and the high Curie temperature (i.e., 900°C) [12, 15, 16] . Alloy-based ferromagnetic nanoparticles supported on an insulating or conducting carrier are of great importance because they exhibit unusual magnetic properties which are dependent on the size of the magnetic nanoparticles, their chemical composition and the interparticle magnetic interactions [17] . In catalysis, the addition of Co to Fe-based catalysts results in a more active catalyst for NH 3 synthesis [18] .
FeCo alloy nanoparticles supported on diverse carriers are of great interest due to their properties in catalysis including the synthesis of ammonia and the fabrication of carbon nanotubes which have numerous applications in nanotechnology [19, 20] . The synthesis and dispersion of FeCo alloy nanoparticles on the support material results in: (i) increased stability and mechanical properties of the final product (ii) higher exposed surface area of the FeCo nanoparticles resulting in increased surface to volume ratio of the active metals, and (iii) narrow size distribution compared with preparations of unsupported metals or alloys.
Carbon microparticles are suitable support materials because they have high specific surface area, are resistant to acidic and basic conditions, provide metal loading sites on the particle surface, are stable at high temperatures in anoxic conditions, and do not allow electron delocalization on the carbon surface which is important in catalysis and electronics [21] . [22, 23, 24] . FeCo nanoparticles supported on carbon microparticles have potential applications in catalysis for the synthesis ammonia, as magnetic materials in data storage devices, in the development of advanced microelectronics, and in biomedicine as contrasting agents for the detection of tumors using magnetic resonance imaging (MRI) and in photothermal-ablation therapeutics [25, 26, 27, 28] . Notably, preformed FeCo alloy nanoparticles with magnetic properties embedded in a carbon matrix are suitable precursor materials for the synthesis of carbon-based FeCo nanohybrid systems [29] . Such materials have important applications in data storage devices because it has been predicted for FeCo nanoparticles may be stabilized upon alloying with carbon [30] .
In this paper, we investigated the synthesis of FeCo bimetallic alloy nanoparticles supported on carbon microparticles that are characterized by high specific surface area and inertness. We aimed at producing these materials using an inexpensive and fast method and therefore, for the synthesis, we used co-precipitation and wet impregnation of the carbon microparticles with the respective metal's precursor salts. Both of these techniques are commonly used for the synthesis of metal nanoparticles supported on support materials. The synthetic strategy and the choice of the precursor salts offer allow for control of the particle formation and the composition of the FeCo alloy nanoparticles in the final sample [31, 32, 33] .
The resulting products were characterized by X-ray powder diffraction (XRD), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy analysis (EDX), and atomic force microscopy (AFM). The results showed that the preparation methods that were used allow for the synthesis of FeCo nanoparticles with narrow size distribution and the desired Fe:Co ratio supported on the surface grooves of the carbon microparticles. 
EXPERIMENTAL
Materials and chemicals
Co(CH 3 COO) 2 ⋅4 H 2 O salts (Sigma-Aldrich) were used for the wet impregnation technique.
Millipore water (Millipore, Bedford, MA) was used for the syntheses.
Synthesis of FeCo bimetallic alloys by direct co-precipitation
The synthesis was carried out under nitrogen gas flow. 4 mg of carbon particles were suspended in 200 ml deionized water, ultrasonicated, and equilibrated at 50°C for 3 hours and at 80°C for 1 hour under continuous stirring to increase the wettablity of the relatively hydrophobic surface of carbon ( Figure 1 The dried solid oxides were reduced under formier gas (i.e., mixture of N 2 :H 2 with ratio 9:1) for 4 hours. Preliminary experiments were performed to determine the optimal temperature for complete reduction of the precipitated salts. In the case that NH 3 was used to adjust the pH, the reduction was complete upon heating at 400°C whereas in the case that Na + ions were introduced in the system reduction of the metal oxides required a heating step at 500°C for the complete reduction of the precipitated oxides to the metals. To avoid sintering of the particles the reduction was performed at the lowest temperature required to have complete reduction of the oxides. Prior to further characterization, the reduced samples were passivated by 2% gas mixture of O 2 /N 2 for 30 min at room temperature.
Synthesis of FeCo bimetallic alloys by wet impregnation
When the impregnation technique was used, the acetate salts of Fe(II) and Co(II) were used as precursors ( Figure 1 ). Both salts are very soluble in water and therefore, highly concentrated solutions could be prepared to increase the metal loading of the final product.
Nitrate salts of Fe and Co were not considered due to their explosive properties. After impregnation the samples were dried at 110°C overnight. The reduction process was performed under N 2 :H 2 gas mixture with ratio 9:1 and involved 30 min step-heating of the samples at 100°C, 300°C, 400°C, and for 2.5 hours at 500°C, respectively. After reduction, the samples were passivated by 2% O 2 /N 2 gas mixture for 30 min at room temperature.
Sample characterization
Thermogravimetric/differential thermal analysis (TGA-DTA) was used to determine the optimal temperature for reduction. During the analysis, the composition of the gas outlet was monitored by a mass spectrometer (MS) which was connected to the TGA-DTA setup. TGA-DTA temperature-programmed reduction experiments were carried out in a TGA cell (MettlerToledo). Before the measurements, all samples were pretreated for 2 hours at 200°C under N 2 gas flow to remove surface absorbed species. Subsequently, the sample was cooled to room temperature and the temperature increased in steps of 50°C for 30 min at each temperature up to 600°C under N 2 :H 2 gas mixture with 9:1 ratio and gas flow of 110 ml/min. AFM studies of the sample surfaces were performed using a Nanoscope III multimode scanning probe microscope (Digital Instruments, Santa Barbara, CA) operated in tapping mode.
The probe was a single-crystal silicon tip with a nominal curvature of < 10 nm which was mounted on a single-beam cantilever. Phase imaging was performed at 1 Hz and 512 samples per line. AFM images of the alloy crystals supported on the carbon surface were recorded in air at room temperature and at random spot sampling on the surface. For the determination of the diameter of the crystals the horizontal size of at least 80 particles on the surface were measured and averaged.
RESULTS AND DISCUSSION
To synthesize FeCo alloy nanoparticles on the high surface area carbon microparticles we used the direct co-precipitation and wet impregnation methods and the chloride or acetate salts of the metals as precursor compounds. Reduction of the carbon-supported precursor compounds is a critical step in the process which requires heating at elevated temperatures and often results in undesirable sintering of the nanoparticles. To determine the optimal temperature for reduction of the Fe and Co precipitated salts we used XRD analysis and mass spectrometry (MS) connected to a TGA-DTA instrument. Reduction was carried out in N 2 :H 2 ratio 9:1 gas and the temperature for reduction was set to 400°C or 500°C depending on the sample preparation method. Post-treatment, the samples were cooled to room temperature slowly to avoid the formation of lattice defects in the FeCo nanoparticles. Our experiments showed that carbon microparticles decompose between 450°C and 500°C under air or oxygen but are stable under nitrogen atmosphere which was used for reduction.
To confirm that the reduction process was complete, the post-reduction samples were examined by XRD. We did not observe peaks that could be assigned to unreduced Fe and Co precursor oxides (JCPDS card no. 
Synthesis of FeCo alloy nanoparticles by co-precipitation
To synthesize the FeCo alloy on Vulcan XC72 carbon microparticles, we first used the direct co-precipitation method of the Fe and Co chloride precursor salts. This method was chosen for its simplicity and the low-cost of the reagents which are important factors in industrial applications. The alloy composition is adjusted by controlling the molar ratio of the iron to cobalt precursor salts. When the co-precipitation method was used to synthesize the FeCo bimetallic alloy nanoparticels, the pH was adjusted to 9.2 by addition of NH 3 or NaOH, because in alkaline pH the solubility of iron and cobalt hydroxides is very low and therefore, almost all metal ions in the solution precipitate. The solubility products of both Fe and Co hydroxides are of the same order and therefore, it was assumed that both metal hydroxide compounds precipitate at a similar rate. AAS spectroscopy analyses showed that the FeCo loading was 14.1 wt% and 14.3 wt% when NH 3 or NaOH was used in the synthesis, respectively. These metal loadings are close to the desired loading of 15 wt% and confirm that almost all the Fe and Co ions precipitated on the surface of carbon. Furthermore, EDX analysis of more than 20 alloy nanoparticles supported on carbon showed that the Fe:Co ratio was 8.7:1.1 in both cases of NH 3 or NaOH used for the synthesis. This result suggests that the co-precipitation method results in the FeCo nanoparticles with a Fe:Co ratio that deviates from the stoichiometric ratio of the precursor salts which was adjusted to 9:1. However, the ease of the method allows for fine tuning adjustment of the final metal-to-metal ratio to the desired value simply by changing the ratio of the precursor salts concentrations in the precipitating medium.
XRD analysis of the post-reduction samples and temperature-programmed reduction measurements showed that reduction of the Fe and Co oxides was complete at 400°C when NH 3 was used to adjust the pH of the precipitating solution (Figure 2 ). In the case of NaOH used for the adjustment of the pH to 9.2, we observed that the reduction was not complete at 400°C but required another heating step at 500°C before the metal oxide peaks disappeared in the XRD spectra of the samples (Figure 3) . The difference in the temperature for complete reduction of the two samples suggests that Na + ions may be incorporated in the alloy leading to the formation of Na-doped FeCo alloy nanoparticles. [34] or graphitic carbon that was produced via an IR-heating route of polyacrylonitrile [35] .
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The FeCo lattice parameter was calculated from the XRD pattern refinement from two different syntheses for each condition and gave values of 0.2874 ± 0.0004 nm for FeCo prepared using either NH 3 or NaOH for the adjustment of pH. This value is higher than the cell constant of pure α-Fe (0.2867 nm) and similar to the value calculated for a Fe 8.8 Co 1.2 alloy (0.2875 nm) prepared by mechanical alloying of the elemental powders using ball milling [36] .
Peak width analysis was performed to calculate the average sizes of the FeCo alloy nanoparticles. Using the Debye-Scherrer formula on the full width at half-maximum (FWHM) of the (110) diffraction peak, we calculated that the diameter of the nanoparticles was 21.4 ± 2.2 nm and 22.7 ± 3.6 nm when NH 3 or NaOH was used in the synthesis, respectively. For the calculations we used diffraction patterns from two different preparations (n = 4).
The long-term stability of the samples in storage was also tested by comparing X-ray diffractograms that were obtained one week and four months after the syntheses. In all cases the diffractograms were indistinguishable suggesting the stability of the samples.
TEM image analysis of FeCo alloy nanoparticles formed on carbon microparticles
showed that the nanoparticles were homogeneously distributed on the surface of carbon and that the average size of the FeCo nanoparticles is 22.8 ± 5.1 nm and 24.4 ± 4.8 nm when NH 3 or NaOH was used in the synthesis, respectively ( Figure 4A and 4B) . These values are similar with those obtained from the analysis of the X-ray diffraction peaks of the FeCo nanoparticles.
The slightly larger nanoparticle size measured by TEM image analysis compared with that from the Debye-Scherrer formula, which usually underestimates the size of particles, is likely due to the fact that TEM provides the average projected diameter of nanoparticles which may overlap and are poorly resolved in the TEM images.
Synthesis of FeCo alloy nanoparticles by wet impregnation
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We used the wet impregnation method to control the ratio of the precursor salt precipitates on the surface of the carbon microparticles. The rationale of using the acetate salts of the metals is that the precipitated bulky acetate crystals would result in small FeCo alloy particles after reduction and removal of the acetate groups. Temperature-controlled reduction of the precursor acetate salt precipitates with a gas mixture of N 2 :H 2 ratio 9:1 was monitored by TGA-DTA/MS of the reactants outlet and showed that formation of the FeCo alloy was complete at 500°C ( Figure 5 ). Monitoring the CO 2 that evolved during reduction also revealed useful information about the decomposition of the precursor acetate salts. Thermogravimetric analysis showed two CO 2 peaks. There was a strong peak at 260°C -290°C and a smaller peak at 320°C -340°C. These two peaks were previously ascribed to the heat-induced decomposition of Fe(CH 3 COO) 2 followed by the subsequent release of CO 2 and it was suggested that 450°C is sufficient temperature for the reduction of Fe(CH 3 COO) 2 [37, 38] . In a previous study, formation of Co metal from decomposition of Co(CH 3 COO) 2 in H 2 atmosphere was completed below 300°C [39] . From the TGA-DTA/MS experiments it is suggested that the alloy is formed through a mechanism that involves initially the removal of adsorbed water molecules at ca. 100°C, decomposition of the acetate salts and release of CO 2 and H 2 O at ca. 300°C resulting in the formation of the metal oxides. The oxides were subsequently reduced between 300°C and 500°C to form the FeCo alloy. This was manifested by the release of H 2 O ( Figure 5 ).
XRD analysis confirmed that the post-reduction sample was characterized by diffraction peaks assigned to the FeCo alloy only formed on the surface of carbon. Peaks that could be assigned to Fe or Co oxides or to pure Fe or Co metals were not observed ( Figure 6 ). Similar results were obtained for FeCo nanoparticles formed on the surface of Al 2 O 3 [34] . Peak width analysis was used to calculate the average size of the FeCo nanoparticles using the DebyeScherrer formula and we found that the diameter of the nanoparticles was 13.9 ± 4.7 nm (two preparations, n = 4).
Lattice parameter calculation of FeCo prepared by wet impregnation of the acetate precursors was found to be 0.2871 ± 0.0001 nm. X-ray analysis also showed that passivation of the FeCo alloy nanoparticles with 2% O 2 /N 2 at room temperature for 30 min resulted in the formation of the metal oxides on the surface of the alloy nanoparticles ( Figure 6 ). Formation of Fe and Co oxides upon passivation was negligible when the direct co-precipitation synthesis method was used (Figures 2 and 3 ). This result suggests that the size of the nanoparticles is an important factor in determining the stability of the FeCo nanoparticles in air and that nanoparticles with sizes ~ 13 nm are more susceptible to oxidation compared to the 21-23 nm nanoparticles that were obtained by the co-precipitation method. Further reduction of the M A N U S C R I P T
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passivated FeCo nanoparticles at 400°C followed by XRD examination showed that the metal oxide diffraction peaks were not present. This diffractogram was identical to that obtained for the same sample prior to passivation and TEM images did not show the typical gray shell indicative of metal oxides on the surface of the alloy nanoparticles. Metal oxides have lower electron density than the metallic FeCo core and therefore they would look much lighter. This suggests that oxidation occurred only on a thin layer on the surface of the nanoparticles. XRD peak analysis of the samples one week and four months after the synthesis showed that the samples were stable in storage during this period of time.
In agreement with the diffraction peak analysis, TEM image analysis showed that the average size of the bimetallic alloy nanoparticles is about 13.3 ± 3.5 nm ( Figure 4C ) which is similar with that observed using the X-ray peak analysis. The calculations of the size of the FeCo alloy nanoparticle revealed another interesting point. FeCo nanoparticles obtained using the metal acetate precursor salts and the wet impregnation technique are smaller than the superparamagnetic size limit of ca. 20 nm which was calculated by using the low magnetic anisotropy of FeCo [40, 41, 42] suggesting that the FeCo nanoparticles produced by this method may have superparamagnetic properties. Further work will be required to confirm this assumption.
EDX analysis of the alloy nanoparticles supported on carbon showed that the Fe:Co ratio of the alloy was 9:1 which is identical to the reactants ratio suggesting that wet impregnation offers good control of the metal ratio. Furthermore, AAS quantitative analyses showed that the FeCo loading on the surface of carbon was ca. 15%.
AFM imaging
FeCo alloy nanoparticles supported on the surface of carbon were visualized by AFM phase imaging in which the phase shift of the oscillating cantilever was measured relative to the driving signal. This phase shift was correlated with specific mechanical, friction, adhesion, or viscoelasticity properties of the material that affect the tip-sample interaction [43] . We used phase imaging because standard height surface analysis resulted in poor quality images. Phase imaging provided surface images with nanometer resolution. Based on the AFM images, FeCo nanoparticles appear to be well distributed on the surface of the carbon ( Figure 7 , right panel).
Furthermore, phase contrast AFM allowed for distinguishing materials with different mechanical properties like carbon and the metal alloy [43] . We found that the FeCo nanoparticles were preferentially formed at the interface between carbon nanoparticle aggregates which form the carbon microparticles and had an average size of 12.0 ± 0.3 nm. This is in agreement with the M A N U S C R I P T
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TEM image analysis and XRD peak processing using the Debye-Scherrer equation. The average diameter of the carbon nanoparticles was calculated to be ca. 35 nm which is in agreement with the manufacturer's material specifications.
CONCLUSIONS
In this work, we used the direct co-precipitation and wet impregnation methods of the metal precursor salts to synthesize FeCo alloy nanoparticles supported on carbon. The synthetic methods that were used are suitable for controlling the alloy composition in the final product by changing the ratio of the concentration of the precursor salts. In the case of coprecipitation of the metal oxides, formation of the alloy upon reduction of the oxides was completed at a significantly lower temperature (i.e., 400°C) when NH 3 was used to adjust the pH compared with the temperature that was necessary for complete reduction (i.e., 500°C) when NaOH was used to adjust the pH. Formation of the alloy was confirmed by X-ray analysis while TEM and AFM were used to obtain images of the nanoparticles on the surface of carbon. Using AFM, we obtained a representation of the surface of the carbon in which the FeCo single crystals were nested at the interface of aggregated carbon nanoparticles. Using these simple synthetic methods we were able to produce FeCO bimetallic alloy nanoparticles of ca. 13 nm (in the case of wet impregnation of the metal acetate salts) and ca. 23 nm (in the case of coprecipitation of the metal oxides). Our also results showed that the smaller (i.e. 13 nm) FeCo nanoparticles are prone to oxidation upon sample passivation at room temperature whereas the larger nanoparticles produced by co-precipitation were resistant to oxidation at the same conditions. The synthesis of FeCo nanoparticles of such sizes has many potential applications in data storage devices, microelectronics, catalysis, and medicine. 
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